Aim: The present study aims to estimate the relative importance of genetic and environmental factors for health-related quality of life (HRQL) measured by the 12-item Short-Form Health Survey (SF-12). Methods: The study was based on two Danish twin cohorts (46,417 twin individuals) originating from the nationwide, population-based Danish Twin Registry. The twins were approached by a mailed-out questionnaire in 2002. The questionnaire included the SF-12, information on demographic factors, and questions on a variety of specific diseases. Heritability of the SF-12 includes the physical component summary (PCS) and the mental component summary (MCS); and etiologically important variance components were estimated using multivariate biometric models. The respondents were stratified into six groups, based on age and sex. Results: A total of 33,794 (73%) individual twins responded to the survey. The SF-12 was completed by 29,619 individuals, which included 9,120 complete twin pairs. Overall, the best-fitting model explaining the variance of HRQL was the ACE model. The estimated heritability of the SF-12 was between 11% and 35%, whereas between 65% and 89% could be explained by unique environmental or stochastic factors in the different sex and age groups. The highest heritability was seen among older twins. In addition, the genetic correlation between MCS and PCS scores was low (0.07 and 0.23 for males and females, respectively) among younger and high (0.26 and 0.45 for males and females, respectively) in the oldest age group. Both the largest genetic influence on HRQL and the largest genetic overlap between the scores were seen in the oldest age group, which consisted of twins older than 55. The unique environmental correlation between MCS and PCS were generally negative. Conclusion: The heritability of HRQL differs between different age groups. In general, most of the variance in the SF-12 summary components was determined by unique environmental factors.
of the most commonly used descriptive and generic measure for self-assessed HRQL is the 36-item short-form health survey (SF-36), which has eight dimensions, including physical functioning, physical role, bodily pain, general health, vitality, social functioning, emotional role, and mental health. A shorter version of the SF-36 is the 12-item Short-Form Health Survey (SF-12; Ware et al., 1996) . The SF-12 was developed to provide a single-page HRQL that was suitable for population surveys. The SF-12 includes 12 items from the SF-36 that compose the physical component summary (PCS) and the mental component summary (MCS). The two dimensions, MCS and PCS, explain more than 80% of the variance in the original eight SF-36 scales (Bjorner et al., 2003; Ware et al., 1996) . Both the SF-12 and the SF-36 are valid and reliable for determining general health outcomes in populations (Bjorner et al., 2003; Gandek et al., 1998; Jenkinson et al., , 2001 Ware et al., 1996) . However, the different scales have also been used as screening tools for specific diseases. For instance, it has been shown that the MCS can be used for identifying people with anxiety and depression (Gill et al., 2007) .
Previous studies on the heritability of QL and subjective well-being report heritability estimates of 36-50% (Bartels & Boomsma, 2009; Bartels et al., 2010) . Although it is likely that some of the factors that determine general well-being also influence the self-rated health, QL and subjective well-being are much broader concepts that reflect a variety of other factors in addition to general health perception.
With regard to descriptive studies on self-rated health and HRQL, most studies use a simple item such as 'What do you think about your current health status?' , 'How do you consider your health in general?' , or 'How, in general, is your health?' This question is also included in the SF-12 as the first item (Table 1 ). In general, the genetic modeling of self-rated health based on this simple HRQL item showed that the best-fitting model was the ACE or the AE model, and the reported additive genetic effect explained between 8% and 63% of the variance (de Moor et al., 2007; Leinonen et al., 2005; Mosing et al., 2009 Mosing et al., , 2010 Romeis et al., 2000; Silventoinen et al., 2007; Svedberg et al., 2001 Svedberg et al., , 2006 . Interestingly, the Finnish and Swedish studies found that the variance of self-rated health was age dependent (Leinonen et al., 2005; Silventoinen et al., 2007; Svedberg et al., 2001 ). In addition, the reported HRQL shared genetic components with underlying diseases and level of function, thus supporting the hypothesis that the genetic impact on HRQL correlates with the genetics of the variety of underlying diseases and conditions that determine the subjective overall evaluation of people's health (Leinonen et al., 2005) . The heritability of HRQL has also previously been studied using the SF-36 on middle-aged male twins (Romeis et al., 2005) . As with the other studies on HRQL, this study concluded that the best-fitting model was the AE model; however, it estimated that additive genetic factors explained only 17 to 33% of the variance of HRQL in that population.
The present study aims to determine the impact of genetic and environmental factors on the HRQL using the SF-12 in a nationwide, population-based cohort including twins of both sexes, aged from 20 to 71 years.
Methods

Twin Method
The present study was based on data from the Danish Twin Registry. In 2002, 46,417 twin individuals from the 1930-1982 twin cohorts were asked to participate in a nationwide twin survey (Skytthe et al., 2002) . The survey included questions on HRQL (SF-12), demographic factors, and many different diseases. The accompanying letter explained that the aim of the study was about twins' health in general. Zygosity assignment of same-sexed twins in the Danish Twin Registry was based on three or four questions concerning degree of similarity and mistaken identity (Christiansen et al., 2003; Kyvik et al., 1995) . In case of disagreement between the twins or inconsistent answers, the zygosity was classified as unknown. If only one twin had answered, the zygosity diagnosis was based on that answer alone. The accuracy of the zygosity classification by the questionnaire method has been shown to be approximately 96% (Christiansen et al., 2003) .
The SF-12 consists of 12 items that are scored in two dimensions: the PCS and MCS scores. The PCS score includes items on general health perception, physical functioning, reduction in physical activities as compared with the subjectively expected, and pain, whereas the MCS score includes questions on general health perception, mood, energy level, and reduction in social activities, work ability or general function explained by emotional factors. In order to estimate the SF-12 score, individual items are weighted with different endorsements and added to a constant (57.65693 and 60.58847, respectively) for PCS and MCS (Andrews, 2002; see Table 1 ). The median PCS and MCS have been shown to be 51 and 54, respectively (with standard deviation around 8) in a large Danish community sample (Bjorner et al., 2003) .
Ethics
The questionnaire study was approved by the regional scientific ethical committees in Denmark and the Danish Data Protection Board.
Analysis
The SF-12 was scored using weighted endorsements (see Table 1 ), resulting in a PCS and a MCS score. Summary health statistic was reported as medians and 2.5 and 97.5 percentiles. Cronbach's ␣ was estimated in order to evaluate internal consistency of the SF-12. Twin methodology makes the use of the fact that monozygotic (MZ) twins are genetically identical, whereas dizygotic (DZ) twins share 50% of their genes on average. In addition, it is assumed that twins are exposed to two different environmental factors, namely shared and unique, which is independent of zygosity. A higher correlation within MZ twin pairs as compared to DZ twin pairs reflects genetic influences.
Data on MZ pairs together with same-, and oppositesexed DZ pairs were analyzed using bivariate Cholesky decomposition models. Because of the large dataset and previous findings, data were divided into three age groups (20-34, 35-54, and 55-71) , treating additional effects of age and sex as covariates in a linear model. The total variances of disease liabilities to MCS and to PCS were partitioned into additive genetic effects (A), dominance genetic effects Note: ssDZ = same-sexed dizygotic twin pairs; osDZ = opposite-sexed dizygotic twin pairs.
(D), common environmental effects (C), and random environmental effects (E) for each phenotype. MZ pairs share the same A and D genetic variances, whereas DZ pairs share one-half of the A variance and one-quarter of the D variance. The variance of C is the same for both MZ and DZ twin pairs. Because the effect of shared environment and genetic dominance is confounded and because the model only allows us to estimate three parameters, one has to fit data using either an ACE or ADE model. The choice between ACE and ADE models was done by comparing the interclass correlation coefficients. Reported statistics were the standardized parameter estimates from each group. The model allows the determination of the extent to which the covariance or phenotypic correlation (r p ) can be explained by shared genetic and/or environmental factors. The genetic correlation (r g ) indicates the amount of overlapping genes influencing the subscales, that is, genetic pleiotropy, and ranges from -1 to 1. An r g of 1 indicates that the same genes influence both subscales, whereas an r g of 0 indicates that there is no genetic overlap between them. Positive or negative genetic correlation reflects positive or negative associations between the subscales. Descriptive statistics were analyzed in Stata. Variance component summary scores were assessed using Mx (Neale & Maes, 2004) . Mx Scripts were extensions of scripts found in the GenomEUtwin Mx-script library (www.psy.vu.nl/mxbib).
Results
The overall response rate after one reminder was 73% in the 2002 Danish twin survey. The proportion of concordance for response among MZ pairs (60.5%) was higher than in DZ pairs (47.2%), a difference of 13.4% (95% CI: 11.9-14.8%, p < .0001). Same-sexed DZ twin pairs were more concordant for response than opposite-sexed DZ twin pairs, difference of 4.7% (95% CI: 3.2-6.2%, p < .0001). The concordance for response among females was higher than in males, difference of 13.9% (95% CI: 12.3-15.5%, p < .0001). The SF-12 was completed by 29,619 twin individuals with known twin status, and in 9,120 twin pairs both twins had responded to the SF-12. The characteristics of the twin cohort with regard to the SF-12 response are summarized in Table 2 . Genetic modeling in Mx requires that data (after correcting for linear effects, i.e., age and sex) are normally distributed, and that the mean values and variance are similar across twins labeled as the 'first twin' and twins labeled as the 'second twin' . The weighted endorsements in Table 1 have been constructed, so that the final SF-12 MCS and PCS scores should be approximately normally distributed (Bjorner et al., 2003) . Figure 1 illustrates that this was not the case for our study, and correcting for linear effects did not improve this (data not shown). Transformation of data by a power of 4 or 5 could normalize MCS and PCS, respectively. We did, however, not transform the data because transformation might introduce bias on the correlation estimates. As shown in Table 2 , the median SF-12 MCS and PCS scores differed slightly between complete and incomplete pairs. After correcting for age and gender, the residual variation was the same in complete and incomplete pairs (data not shown). Cronbach's ␣ was 0.78 and 0.83 for MCS and PCS, respectively, which is acceptable.
Based on the 29,619 responders who completed the SF-12 score, the median PCS score was 55.9, and the (2.5-97.5)th percentile range was 27.9-62.4. The median MCS score was 54.4, and the (2.5-97.5)th percentile range was 27.6-61.5. The SF-12 scores in males and females in 10-year-age groups are illustrated in Figure 2 .
Overall, the interclass correlation coefficients were 0.297 (95% CI: 0.263-0.330) and 0.154 (95% CI: 0.129-0.178) for MCS in MZ and DZ twin pairs, and 0.246 (95% CI: 0.212-0.281) and 0.142 (95% CI: 0.118-0.167) for PCS in MZ and DZ twin pairs, respectively. Although the interclass correlation coefficients differed between gender and age groups, as presented in Tables 3 and 4 , the general pattern was that MCS and PCS correlations in MZ twin pairs were between one and two times that of DZ twin pairs, indicating that the contribution of dominance genetic effects (D) would be minimal. Therefore, it was decided to use the ACE model. For the bivariate Cholesky analysis, the 29,619 responding twins were divided into three age groups and adjusted for age and sex (Tables 5-7) . In all age groups, the majority of the variance was explained by random environmental factors for both the SF-12 PCS and MCS scores. The common environmental effect was 0, the genetic effect explained from 11% to 35% of the variation in SF-12 MCS and PCS scores (Tables 5 and 6 ), and inter-scale correlations also varied in the different age and sex groups ( Table 7) . The pleiotropy was positive for the genetic effect; thus, the genes that influence the different subscales do so in the same direction, whereas the environmental correlations were mostly negative, indicating that the overlapping environmental factors work in different directions.
Discussion
This study is presently the largest unselected nationwide, population-based twin study on self-rated health. It lends further support to previous evidence of a moderate genetic contribution to HRQL. Overall, the impact of genetic factors ranged from 11% to 35% in different age and sex groups, and although there was a trend toward higher influence of genetic factors with increasing age, unique environmental factors explained most of the variance on self-assessed health and disease. Self-reported health has previously been shown to associate and correlate to underlying disease and function (Leinonen et al., 2005) . Therefore, the finding of a low-to-moderate genetic impact on HRQL indicates that the dominating diseases and sources of discomfort on a population level are not heritable and therefore potentially avoidable.
Generally, self-rated health differs across age and sex groups. As shown in Figure 2 , there was a reciprocal correlation between MCS and PCS with regard to the influences of age, so that physical well-being declines with increasing age, whereas mental well-being increases as the twins get older. The impact of genes and environment on self-rated health also differed across different age and sex groups (Tables 5 and 6), which is in agreement with previous twin studies on the genetics of HRQL (Leinonen et al., 2005; Silventoinen et al., 2007) . Thus, we found that genes might be more important for mental and physical well-being in older age groups. However, there were wide confidence intervals on these estimates; and therefore, the finding is uncertain. There was only a small-to-moderate overlap of genetic and environmental factors between the SF-12 subscales (Table 7) . The correlations were positive for the genetic effect and negative for the environmental effect. The negative environmental correlation was to be expected from the endorsements of the different SF-12 items (Table 1) .
The SF-12 is a short version of the SF-36 and both have been shown to be valid, reliable, and general measures of HRQL (Bjorner et al., 2003) . The estimated Cronbach's ␣ is acceptable. Therefore, it is not likely that the influence of random factors on the variance reflects random variation in filling in questionnaires.
Previous analysis of non-response in twins and singletons has shown that mainly socioeconomic variables and not health status differ between responders and nonresponders (Heath et al., 2001; Korkeila et al., 2001; Vink et al., 2004) . In addition, previous studies on Danish twins indicate that self-reported health does not depend on adult social class and thus the estimated heritability was probably not biased by selection based on social class (Osler , 2007) . Despite this, we cannot exclude that there could be bias due to non-response. However, the internal validity of the present findings was strengthened by the nationwide, population-based twin ascertainment procedure and by the large number of twins included. More than 73% of the twins answered the questionnaire, which is quite satisfactory (Skytthe et al., 2002) . In addition, medians and variance for SF-12 estimates in twins correspond well to previous MCS and PCS estimates from the Danish population (Bjorner et al., 2003) indicating that the conclusions from the twin study also apply to singletons. The study was conducted among Scandinavians and cannot be uncritically generalized to other populations. The biometric modeling used to estimate the genetic impact on HRQL does not identify gene-gene or geneenvironment interaction. Thus, the results are only valid if it can be assumed that such interactions are not relevant for HRQL.
Most previous studies on HRQL in twins also found the ACE or the AE model to be the best-fitting model for explaining the impact of genes and environment. Also, most studies on twins aged from 20 to 71 years reported similar standardized parameters for genetic and environmental factors, as in the present study (Romeis et al., 2000 (Romeis et al., , 2005 Silventoinen et al., 2007; Svedberg et al., 2001) . As with the previous Finnish and Swedish twin studies, we found a trend toward higher genetic influence on HRQL in older age groups. Thus, the present study confirms the findings of previous studies in a larger population-based twin cohort.
In conclusion, although there is a significant genetic influence, individual environmental factors explain most of the variation on self-assessed health and disease.
